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The non-uniform distribution of dislocations in metals causes a material anisotropy that manifests itself through strain
path dependency of the mechanical response. This paper focuses on the micromechanical modelling of FCC metals with a
dislocation cell structure. The objective is to enhance the continuum cell structure model, developed in Viatkina et al.
[Viatkina, E., Brekelmans, W., Geers, M., submitted for publication. Modelling of the internal stress in dislocation cell
structures], with an improved description of the dislocation density evolution enabling a correct prediction of strain path
change eﬀects under complete or partial stress reversal. Therefore, attention is concentrated on the dislocation mechanisms
accompanying a stress reversal. Physically based evolution equations for the local density of the statistically stored dislo-
cations are formulated to describe the formation and dissolution of a dislocation structure under deformation. Incorpo-
ration of these equations in the cell structure model results in improved predictions for the eﬀects of large strain path
changes. The simulation results show a good agreement with experimental data, including the well-known Bauschinger
eﬀect. The contributions of the dislocation mechanisms and the internal stresses to the resulting macroscopic strain path
change eﬀects are analysed. The dislocation dissolution is concluded to have a signiﬁcant inﬂuence on the macroscopic
behaviour of FCC metals after stress reversals.
 2007 Elsevier Ltd. All rights reserved.
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The eﬀect of a strain path change during the loading of a material manifests itself through an altered
reloading yield stress and transient hardening compared to the response during a monotonic deformation
path of the same material (Vieira et al., 1990, 2000; Zandrahimi et al., 1989; Bate and Wilson, 1986; Peder-0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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ing yield stress followed by relatively low hardening. On the contrary, deformation histories that include a
stress reversal demonstrate a pronounced so-called Bauschinger eﬀect. In comparison with continuous for-
ward loading, reversed reloading exhibits a decreased reloading yield stress followed by a short stage of
increased hardening behaviour, after which the hardening rate drops, to ﬁnally show recovery to the same
level as observed for the monotonic loading case.
The macroscopic eﬀect of a strain path change is commonly associated with the occurrence of a dislocation
structure in the material and its adaptation to the new loading. Extensive information on the morphology of
cell structures, their formation and evolution under various loading conditions can be found in the literature,
e.g. Hansen et al. (2001), Huang and Hansen (1997), Winther et al. (2000), Liu et al. (1998), and Hughes et al.
(1997), Hansen and Huang (1997). Much of the present understanding of dislocation processes resulting from
a strain path change has been achieved from observations made in fully reversed plastic deformation (Chris-
todoulou et al., 1986; Hasegawa et al., 1975; Rauch et al., 2002; Hasegawa et al., 1986; Marukawa and Sanpei,
1971; Pedersen et al., 1981).
The dislocation cell structure forms under deformation and is observed as a network of volume elements
within which the dislocation density is well below average, mutually separated through boundaries in which
dislocations are concentrated. The morphology of the dislocation structure developed during a particular
loading path is clearly depending on the loading characteristics. The dislocation structure is formed to accom-
modate the current deformation in a preferable way. After a strain path change, the previously formed dislo-
cation structure becomes ‘unstable’ under the new loading since its morphology is not favourable anymore
and, moreover, it degenerates by newly activated plastic slip. The resistance and adaptation of the dislocation
structure to the loading in a new direction is typically accompanied by an increased reloading yield stress and a
relatively low transient hardening.
The Bauschinger eﬀect is usually related to the degradation and reappearance of the dislocation structure
under stress reversal. The cell dissolution appears as a redistribution of dislocations towards a more homoge-
neous structure. The dislocation density drops in the walls and rises in the cells, resulting in smaller gradients.
The total dislocation density is often observed to decrease as well. As the deformation in the new direction
proceeds, the cell structure gradually reappears. The degree of the dissolution is found to be related to the
amount of prestrain applied before the change.
In a previous paper (Viatkina et al., submitted for publication) a cell structure model was developed to pre-
dict the eﬀect of a dislocation cell structure on the macroscopic response of a material under complex loading.
The model takes into account the intrinsic material heterogeneity due to the dislocation structure, the eﬀects of
the cell geometry and the presence of internal stresses. The simulations based on the developed model dem-
onstrated its capability to predict the experimentally observed material response after moderate strain path
changes. The Bauschinger eﬀect, however, was not predicted correctly. In spite of this expectation, it was
shown that the internal stresses in the cell interior, which assist the applied reloading, do not decrease the
macroscopical yield stress during reversed loading. Initially, these internal stresses cause some plastic defor-
mation in the cell interior during the early reloading stage. However, this eﬀect is rapidly compensated by
the high internal stresses in the wall component, which resist the reloading, triggering an opposite inﬂuence.
Based on this analysis, it was concluded that the internal stresses originating from the dislocation cell structure
in a metal cannot provide the experimentally observed macroscopical Bauschinger eﬀect. Yet, the occurrence
of early plastic slip in the cell interior might trigger other mechanisms reducing the macroscopic stress, which
are the subject of the present paper.
Experimental observations of the microstructure under reversed loading reveal a dissolution of the cells.
The change of the cell morphology and the associated dislocation redistribution towards a more homogeneous
conﬁguration, denoted as ‘cell dissolution’, are promoted by the plastic deformation and reduce the macro-
scopic stress. It has been shown in Viatkina et al. (2003) that under stress reversal the increase of the cell size,
which is a characteristic feature of cell dissolution, in combination with the inﬂuence of the residual stresses,
provides a decreased macroscopic reloading yield stress. In the present paper, attention is focused on another
mechanism aﬀecting cell dissolution: dislocation redistribution. Under continuous forward loading the dislo-
cations tend to form a cell structure. After stress reversal, the driving force behind the cell formation is
reversed and dislocations start to redistribute towards a more homogeneous structure. Redistribution of
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response of the material is inﬂuenced accordingly.
The objective of this paper is to enhance the cell structure model, developed in Viatkina et al. (submitted for
publication), with an improved description of the dislocation density evolution. The main purpose of this
enhancement is to enable a correct prediction of strain path change eﬀects under complete or partial stress
reversal. Therefore, the attention is particularly concentrated on the dislocation mechanisms accompanying
a stress reversal.
A dislocation dynamics approach concentrates on the analysis of the dislocation movement and inter-
actions in a deforming material. There have been several attempts in this area to describe the dislocation
redistribution during deformation towards the formation of cells (Argaman et al., 2001; Neumann, 1985;
Groma and Balogh, 1999). The associated models, however, are still unsuccessful in describing the com-
plex evolution of a cell structure. Furthermore, discrete dislocation dynamics is not applicable within a
continuum model as the presently developed cell structure model. In the context of a continuum model,
the dislocation redistribution is typically represented by the evolution of dislocation densities (Bergstrom,
1983). The classical cell structure model (Mughrabi, 1987) has been enhanced by evolution equations for
the dislocation density by a number of authors (Estrin et al., 1998; Argon and Haasen, 1993; Goerdeler
and Gottstein, 2001). Dislocation densities in the cell interiors and in the walls are introduced in these
models and corresponding evolution equations are suggested to describe the development of the cell struc-
ture. However, these formulations do not account for a change in the dislocation evolution after a strain
path change.
Recently, Peeters (2002) proposed a composite model with a dislocation density evolution that accounts for
the deformation history. The model is developed to predict the mechanical response of BCC metals with a cell-
block structure. Two mechanisms activated by a strain path change are introduced in the model: (1) reverse
ﬂux of interface dislocations causing additional annihilation and (2) activation of new slip systems causing
destruction of a previously formed structure.
In this paper, the dislocation evolution under complex deformation is considered for FCC metals contain-
ing a cell structure. Dislocation mechanisms for cell formation and dissolution are introduced and the corre-
sponding evolution equations are proposed.2. Cell structure model
The deformation behaviour of FCC metals with a dislocation cell structure is modelled here on the basis of
the cell structure model introduced in Viatkina et al. (submitted for publication), Viatkina (2005). A schematic
representation of the cell structure model is given in Appendix A. The main features of the model are shortly
summarised below.
Material with a cell structure is idealised by a composite consisting of four uniform components: the cell
interiors and three mutually perpendicular sets of cell walls. The cell wall components represent the phases
with a high dislocation density and the cell interior component represents the areas enveloped by the disloca-
tion walls with a low dislocation density. The cell structure is modelled as a 3D periodic conﬁguration of
cuboid cells formed by three mutually perpendicular sets of planar cell walls (Fig. 1).
Two types of dislocations are introduced into the model: geometrically necessary dislocations (GNDs) and
statistically stored dislocations (SSDs). The SSDs inﬂuence the local deformation behaviour by means of
short-range interactions with gliding dislocations. The GNDs create the long range internal stresses in the
material.
The statistically stored dislocations inside the cell and wall components are assumed to be distributed uni-
formly, along with the Cauchy stress tensor r and deformation gradient tensors F inside each component:frð~xÞ;Fð~xÞg ¼ frc;Fcg; ~x 2 cell interiorfrwi;Fwig; ~x 2 wall i; i ¼ 1; 2; 3

ð1ÞTraction continuity and compatibility of deformations are enforced on the interfaces between the cell interiors
and the walls:
Fig. 1. Model geometry of the cell structure and its components.
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ðFc  FwiÞ  ðI ~n0i~n0i Þ ¼ 0 with i ¼ 1; 2; 3 ð3Þwhere~n1,~n2 and~n3 are the normal vectors to the cell–wall interfaces, and the superscripts 0 and t indicate the
vectors in their initial and current conﬁguration, respectively. The average mechanical response f~F; ~rg of the
composite is calculated from the relative contributions of the local responses:~r ¼ fw1rw1 þ fw2rw2 þ fw3rw3 þ ð1 fw1  fw2  fw3Þrc ð4Þ
~F ¼ fw1Fw1 þ fw2Fw2 þ fw3Fw3 þ ð1 fw1  fw2  fw3ÞFc ð5Þwith fw1, fw2 and fw3 the volume fractions of the corresponding wall components.
1
The local mechanical response of the individual components of the composite is described using Von Mises
J2 elastoplasticity with the following yield functions Wi:Wi ¼ si  aMGb ﬃﬃﬃﬃqip with si ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
sdi : s
d
i
r
and si ¼ si þ bi ð6Þwhere the subscript i stands for c, w1, w2 and w3. Here si is the applied stress, particularly the second Piola-
Kirchhoﬀ stress measure deﬁned with respect to the stress-free intermediate conﬁguration, G is the shear mod-
ulus, b is the magnitude of the Burgers vector, a and M are material parameters. The isotropic hardening is
deﬁned above by the local dislocation density qi and the kinematic hardening is due to the internal stress bi,
created by the geometrically necessary dislocations.
The GNDs are naturally present in a material with heterogeneous plastic deformation and hence also in a
material with a cell structure. Under external loading, a non-uniform ﬁeld of plastic strains will be present
in the cell structure. In the cell interior phase, plastic slip is easier compared to the cell walls, where the
deformation is impeded by a high density of tangled dislocations. To ensure compatibility of the plastic
deformation across the interface between the hard and soft phases, polarised layers of geometrically neces-
sary dislocations will develop at this interface. The long-range eﬀect of the interface dislocations is repre-
sented by the internal stresses b (6) in a material with a cell structure. The internal stresses b due to thee mechanical responses of the wall intersections are approximated by the response of the neighbouring walls. Consequently, the wall
e fractions include the contributions of the intersections.
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ina, 2005). A short description with the main formulas for the calculations of the internal stresses is given in
Appendix A.
3. Dislocation density evolution in the cell structure
Local isotropic hardening was previously introduced in the cell structure model by the local dislocation
density q. The associated relation (6) has been motivated through several experimental studies, e.g. Ungar
et al. (1984). It is widely used in continuum theories of plasticity and has been proven to yield a good agree-
ment with experimental data. The main challenge in the present context is to derive a relationship between the
evolution of q and the plastic strain. This is not a trivial task since upon deformation the dislocation density
evolves rapidly and inhomogeneously. Furthermore, the constitutive laws of dislocation mechanics are com-
plicated and deﬁned on a scale that is far below the conventional continuum scale. To be used in continuum
theories, the main features of dislocation evolution are commonly generalised in a density context (Bergstrom,
1983). This implies that the equations are formulated to describe the average behaviour of a large number of
dislocations in a ‘continuum’ material point.
The following general evolution equations for the dislocation density in metals under deformation are
widely used in mesoscopic continuum models (Bergstrom, 1983; Goerdeler and Gottstein, 2001; Teodosiu
et al., 1993):q ¼ qm þ qim ð7aÞ
_qm ¼ _qcr þ _qim!m þ _qfluxþ  _qflux  _qm!im  _qannm ð7bÞ
_qim ¼ _qm!im  _qim!m  _qannim ð7cÞ
_c ¼ _eM ¼ bvqm ð7dÞHere the total dislocation density q is decomposed into the density of mobile dislocations qm and the density
of immobile dislocations qim. Mobile dislocations are created in the material by e.g. operating Frank-Read
sources, with a rate _qcr, and by remobilisation of immobile dislocations at a rate _qim!m. The decrease of
the number of mobile dislocations takes place through immobilisation _qm!im or annihilation _qannm . Immobile
dislocations can also annihilate with the rate _qannim by interaction with mobile dislocations. The contributions
_qfluxþ and _qflux are, respectively, the accumulation and loss associated with the dislocation ﬂux that provides
redistribution of dislocations in a non-uniform conﬁguration. The last relation between the dislocation density
evolution and the deformation process is adopted from the Orowan equation. The eﬀective plastic strain rate _e
above and further on is a scalar quantity related to the magnitude of the rate of deformation tensor Dp by
_e ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dp : Dp
p
, _c is the plastic shear rate, M is a mean orientation factor and v is the mean dislocation glide
velocity.
The system (7) can be simpliﬁed by reformulation of the Orowan equation for small time intervals
(Teodosiu et al., 1993) and additional manipulations reveal:_q ¼ MI
b
ﬃﬃﬃ
q
p
_e _qim!m  _qflux  _qann ð8aÞ
_e ¼ ð _qcr þ _qim!m þ _qfluxþÞ b
MI
ﬃﬃﬃ
q
p ð8bÞwhere _qann ¼ _qannm þ _qannim is the total loss of dislocations due to annihilation and I is a material parameter asso-
ciated with the eﬀective slip length.
Next, these general equations are elaborated for the case of a material with a cell structure. The dislo-
cation cell structure is idealised here as a periodic composite of individually uniform components, i.e. cell
walls and cell interiors. Since the mechanical behaviour inside each component is assumed to be uniform,
the dislocation distributions inside cells and walls remain uniform. Though less obvious, this is consistent
with the evolution Eqs. (8) as the ﬂuctuations of the dislocation densities follow the strain gradient distri-
bution, and the cell structure model only considers strain gradients at the wall–cell interfaces. Besides, the
uniform distribution of dislocations in the cells and the walls has an obvious qualitative agreement with
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location densities in the cell interior qc and the densities in the cell walls qwi, i = 1,2,3. Eqs. (8) can be
applied to each component:_qc ¼ MIb
ﬃﬃﬃﬃ
qc
p
_ec  _qim!mc  _qc!wc  _qannc ð9aÞ
_ec ¼ ð _qcrc þ _qim!mc þ _qw!cc Þ
b
MI
ﬃﬃﬃﬃ
qc
p ð9bÞ
_qwi ¼ MIb
ﬃﬃﬃﬃﬃﬃ
qwi
p
_ewi  _qim!mwi þ _qc!wwi  _qw!cwi  _qannwi ð9cÞ
_ewi ¼ ð _qcrwi þ _qim!mwi Þ
b
MI
ﬃﬃﬃﬃﬃﬃ
qwi
p ð9dÞThe dislocation ﬂuxes here are the ﬂuxes from cell to wall _qc!wwi , _q
c!w
c and from wall to cell _q
w!c
wi , _q
w!c
c : the cells
are ‘loosing’ dislocations to the walls or vice versa. The interactions between the walls are neglected here as
before. It is also assumed that the dislocations from the cell–wall ﬂux do not accommodate the plastic defor-
mation of the walls, i.e. the dislocations entering the walls get immobilised quickly and distribute inside the
walls by non-slip mechanisms.
The contributions _qcrc , _q
cr
wi and _q
ann
c , _q
ann
wi here are statistical and depend only on the local state of the mate-
rial, i.e. the local dislocation density and the eﬀective plastic strain rate. The dislocation processes associated
with these rates are not inﬂuenced by strain gradients or the loading direction, and appear in the same way
inside cells and inside walls.
The dislocation ﬂuxes _qc!wwi , _q
c!w
c and _q
w!c
wi are non-local contributions related to the inhomogeneity of the
material and reﬂect the evolution of the cell structure. The cell–wall ﬂux consists of dislocations driven
towards walls by the applied stress. This ﬂux is responsible for the creation and development of the cell struc-
ture. Here, it is assumed that this ﬂux is independent from the strain path in the sense that it depends on the
accommodated equivalent plastic strain
R
_edt only.
On the contrary, the dislocation ﬂux from the walls to the cell interiors comes into play only after a
change in the loading direction. Under monotonic loading, the dislocations from the cell–wall ﬂux immo-
bilise in the walls. The dislocations in the walls are kept inside the walls by the applied stress and do not
leave the walls, unless the loading is changed. If the loading is reversed, however, the wall dislocations
tend to leave the walls and are assisted in doing so by the new loading direction. This causes the
wall–cell ﬂux.
Finally, remobilisation represented by qim!m is commonly considered to be a statistical process. However,
a change in the loading direction initiates a substantial directional remobilisation. It is expected that this plays
a signiﬁcant role under reversed loading, when immobile dislocations, tangled during initial loading, untangle,
get mobile, and contribute to the plastic deformation. In the following, the remobilisation is decomposed into
a statistical and a directional component, which are considered separately.
3.1. Monotonic deformation
Under monotonic deformation, the directional remobilisation and the wall–cell ﬂux are absent. Thus, the
dislocation evolution is driven by the statistical processes of annihilation and remobilisation, and by the dis-
location cell–wall ﬂux promoting the development of the cell structure.
The dislocation annihilation and remobilisation are statistical local processes and therefore, are the same in
cells and walls. Only spontaneous annihilation is considered here. The annihilation by climb is assumed insig-
niﬁcant at moderate deformations and room temperature, as is the case for the present analysis. The eﬀects of
the spontaneous annihilation and the remobilisation can be calculated (Roters et al., 2000; Bergstrom, 1983)
and combined, leading to:_qanni þ _qim!m;si ¼
M
b
Rqi _ei; i ¼ c;w1;w2;w3 ð10Þwhere R is a material parameter.
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ent research, attention is restricted to cells with a ﬁxed geometry during the entire deformation process. Thus,
the contribution _qc!w essentially describes the evolution of the diﬀerence between the dislocation density in
cells and walls.
The cell–wall ﬂux consists of dislocations that glide towards walls through the applied stress. The sign and
crystallographic nature of these dislocations is deﬁned by the relation between the loading and cell orientation.
In the present approach the signs of the dislocations have been disregarded and the cell–wall ﬂux is assumed to
be equally distributed between walls, i.e. _qc!ww1 ¼ _qc!ww2 ¼ _qc!ww3 . As a result, the amount of dislocations encoun-
tering a wall does not depend on the loading direction. The cell–wall ﬂux can be related to the eﬀective slip
length and the dislocation density in the cell interior (see Goerdeler and Gottstein (2001)), independent of
the current loading or deformation history.
To quantify the cell–wall ﬂux, it is assumed that a fraction C of mobile dislocations in the cell interior leave
the interior to join the walls. This assumption can be formulated as follows:_qc!wc ¼ C
M
b
I
ﬃﬃﬃﬃ
qc
p
_ec ð11ÞAssuming that the dislocations leaving the cell interior are equally distributed between all walls, provides all
walls with equal ﬂux contributions:_qc!wwi ¼
fc
fwi
_qc!wc ; i ¼ 1; 2; 3 ð12Þwhere fc and fwi are volume fractions of the cell interior and the walls, respectively. This relation ensures that
the total amount of dislocations remains preserved.
Finally, with the use of (10) and (12), the dislocation density evolution for a material with a cell structure (9)
under monotonic deformation is written as:_qc ¼ Mb ðI
ﬃﬃﬃﬃ
qc
p  RqcÞ_ec  C
M
b
I
ﬃﬃﬃﬃ
qc
p
_ec
_qwi ¼ Mb ðI
ﬃﬃﬃﬃﬃﬃ
qwi
p  RqwiÞ_ewi þ
fc
fw
C
M
b
I
ﬃﬃﬃﬃ
qc
p
_ec
ð13ÞThis evolution reﬂects the increase of the total dislocation density and the formation of the cell structure with
increasing eﬀective plastic strain.3.2. Strain path change
The dislocation ﬂux and the directional remobilisation in (9) are processes that are governed by the defor-
mation history applied to the material. Under monotonic loading, dislocations gliding through the material
are obstructed by the dense cell walls. The obstructed dislocations form pile-ups at the interfaces, preventing
any wall–cell ﬂux. However, after a strain path change, loading in a diﬀerent direction may constitute a driving
force on the dislocations towards the cell interiors and the interface dislocations may tend to move towards the
sparse cells.
Similarly, monotonic deformation stagnates the evolution of mobile dislocations, either by immobilising or
annihilating them. As long as the loading direction remains unchanged, the directionally immobilised disloca-
tions do not contribute to slip processes. After a strain path change, the new loading might alter the immo-
bilising forces acting on these dislocations. The dislocation locks and dipoles, formed during the previous
loading, may partially untangle through the subsequent loading and, eventually, those dislocations become
mobile again. This mechanism is called directional remobilisation, in contrast to statistical remobilisation
which is independent on the deformation history.
The wall–cell ﬂux and the dislocation remobilisation processes will be quantiﬁed here by considering the
total dislocation balance within the cell structure, which is expressed by (9). Incorporating the results of
the previous section gives:
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ﬃﬃﬃﬃ
qc
p  Rqc  CI
ﬃﬃﬃﬃ
qc
p Þ_ec  _qim!mc
_ec ¼ _qcrc þ _qim!mc þ _qw!cc
  b
MI
ﬃﬃﬃﬃ
qc
p
_qwi ¼ Mb ðI
ﬃﬃﬃﬃﬃﬃ
qwi
p  Rqwi þ
fc
fwi
CI
ﬃﬃﬃﬃ
qc
p Þ_ewi  _qw!cwi  _qim!mwi
_ewi ¼ _qcrwi þ _qim!mwi
  b
MI
ﬃﬃﬃﬃﬃﬃ
qwi
p
ð14ÞSystem (14) consists of 8 (2 + 2 · 3) equations and the unknowns are _qc, _qwi, _qim!mc , _qim!mwi , _qw!cwi , _qcrc and
_qcrwi, where i = 1,2,3. The system is yet underdetermined and additional assumptions are required to com-
plete the description of the dislocation density evolution. To this purpose, it is assumed that the two
sources of mobile dislocations in the cell interiors, namely _qim!mc and _q
w!c
c , operate in diﬀerent locations.
It seems reasonable to assume that in the vicinity of the walls a lot of wall dislocations enter a cell, as a
part of the wall–cell ﬂux. These dislocations are the ﬁrst candidates to accommodate the plastic slip and
no additional contribution is needed by creation or remobilisation. On the other hand, at some distance
from the cell–wall boundaries, the wall–cell ﬂux will be less active and dislocations should be nucleated or
remobilised to provide the slip. Following this reasoning, the cell interiors are split into the cell cores and
the areas in the vicinity of the walls, see Fig. 2. Besides, to ease further derivations, the wall vicinity areas
are assumed to be half of the wall thickness. Now the deformation rate in both areas can be deﬁned
independently:_ec ¼ _ec _qcrc ; _qw!cc
 
in the vicinities of the walls i ð15aÞ
_ec ¼ _ec _qcrc ; _qim!mc
 
in cell cores ð15bÞNote that the deformation rate _ec is the same in both areas, in agreement with the cell structure model. Now,
the dislocation density in the cells qc is the weighted average density over the cell cores and the wall vicinity
area. Thus, the evolution equation for qc is similar to the ﬁrst equation in the system (14) but with a scaling
factor K imm ¼ ScoreSc (S denotes area) acting on _qim!mc to reﬂect the fact that the remobilisation takes place only in
the cell core areas.
Next, when a wall–cell ﬂux is present, many mobile dislocations enter the wall vicinity areas of the cells and
they are readily available to accommodate plastic deformation. Therefore, it is assumed that, if there are
enough dislocations in the wall–cell ﬂux to produce slip associated with _ec, no new dislocations will be created.
If there is no wall–cell ﬂux, new dislocations have to be created to carry the ongoing plastic deformation. This
assumption allows a speciﬁcation of Eq. (15a) in the following form:wall
wall
w
al
l
w
al
l
w/2
w/2
Cell core
Wall vicinity
Wall vicinity
W
al
lv
ic
in
ity
W
al
lv
ic
in
ity
Fig. 2. Scheme of the cell subdivision.
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_ecð _qwi!cc Þ ¼ bMI ﬃﬃﬃqcp _qwi!cc if _qwi!cc > 0
_ecð _qcrÞ ¼ bMI ﬃﬃﬃqcp _qcr if _qw!ci ¼ 0
(
ð16ÞThe wall–cell ﬂux qwi!cc from i-wall is deﬁned here by the dislocation density in the cells. The density of these
dislocations in the walls qw!cwi is the same due to the additional assumption that the wall areas are equal to the
wall vicinity areas in the cells:qw!cwi ¼ qwi!cc ð17Þ
The same reasoning as above can be applied to the remobilisation of dislocations, aﬀecting Eq. (15b). It is
assumed that, if remobilisation is possible, this prevails over creation, leading to:_ec ¼
_ecð _qim!mc Þ ¼ bMI ﬃﬃﬃqcp _qim!mc if _qim!mc > 0
_ecð _qcrc Þ ¼ bMI ﬃﬃﬃqcp _qcrc if _qim!mc ¼ 0
(
ð18ÞRepeating this for the walls, the last equation in (14) can be rewritten as:_ewi ¼
_ewið _qim!mwi Þ ¼ bMI ﬃﬃﬃﬃﬃqwip _qim!mwi if _qim!mwi > 0
_ewið _qcrwiÞ ¼ bMI ﬃﬃﬃﬃﬃqwip _qcrwi if _qim!mwi ¼ 0
(
ð19Þfor i = 1,2,3. The assumptions resulting in Eqs. (16)–(19) allow the calculation of _qw!cwi , _q
im!m
c and _q
im!m
wi
as functions of the corresponding local strain rates and dislocation densities. Now the dislocation evolu-
tion Eqs. (14) and the local Orowan equations in the form of (16)–(19) constitute a complete system deﬁn-
ing the evolution of the dislocation densities in the cell structure. To enable the calculations, the criteria
used in (16)–(19) should be further speciﬁed to determine when the wall–cell ﬂux and the remobilisation
rates really contribute.
3.2.1. Wall–cell ﬂux qw!c
The wall–cell ﬂux was deﬁned above as the ﬂux created by the reverse motion of dislocations that were
collected at the walls during the initial loading. After a strain path change, the wall dislocations will tend
to move if their crystallographic conﬁguration allows them to move under the current loading. Addition-
ally, the dislocation motion should be in the direction of the cells. Thus, the wall–cell ﬂux is governed by
the type of dislocations collected in the walls by the deformation history and their ability to move to the
cell interior under the current loading. A straightforward way to reveal what type of dislocations have
been stored is to keep track of the dislocations appearing there during monotonic loading. That strategy
would involve the introduction of additional history parameters and phenomenological evolution equa-
tions (e.g. see Peeters (2002)). In the present approach, the history information available in the cell struc-
ture model will be used instead.
A dislocation density tensor K is commonly deﬁned as:K ¼ Fp  ~rp  ½FpT
h iT
ð20Þ
i.e. the dislocation density tensor is deﬁned by the plastic deformation Fp and its gradient that were accom-
modated in the material during the deformation history ( ~rp is the gradient operator in the intermediate con-
ﬁguration deﬁned by Fp). The tensor K can also be determined by summation of the contributions of all types
f of dislocations present in a unit volume of the material:K ¼
X
f
qf~bf~tf ð21Þwith~bf the Burgers vectors and~tf the dislocation tangent vectors. This deﬁnition implies that K contains infor-
mation on the types of dislocations stored in the material during preceding deformation. Actually, this tensor
indicates an average quantity of the dislocations only since it reﬂects the surplus of one type of dislocations
over another, not the absolute densities of the dislocations. Thus, the dislocation density tensor can be used
only as an indicator of the dislocations present in the material.
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sor K is non-zero only in the areas of plastic deformation incompatibility, i.e. at the cell–wall interfaces. The
dislocation content indicated by the local tensor K is further assigned to the corresponding wall and the wall–
cell ﬂux is quantiﬁed by analysing the relation between these dislocations and the current deformation. This
approach is applied to all walls and therefore the subscript wi is skipped for the clarity of the formulas.
The summation in (21) is performed over all types f of dislocations. The crystallographic decomposition
(21) of Nye’s tensor in contributions of physically possible dislocations is not unique, calling for additional
crystallographic information that is not available in the cell structure continuum model. To solve this prob-
lem, a continuum crystallographic approach is adopted, in which dislocations can form on any geometrical
plane (as a ﬁctitious slip plane). For the purpose of establishing the wall–cell ﬂux, this assumption appears
to be reasonable for materials with a high crystallographic symmetry, such as FCC metals. Exploiting this
assumption, the decomposition is rewritten as:K ¼ q1~b1~T þ q2~b2~Qþ q3~b3~N ð22Þ
where ~N is the unit normal to the dislocation wall of interest, while the unit vectors ~T and ~Q form an orthog-
onal basis in combination with ~N . In the average continuum sense, all dislocations incorporated in K can be
represented by ‘continuum’ dislocations with densities q1, q2 and q3, Burgers vectors~b1,~b2 and~b3 and the cor-
responding dislocations tangents along ~T , ~Q and ~N . Since dislocations always glide perpendicular to their tan-
gents, the dislocations with tangents along the normal ~N glide in the plane of the wall. Therefore, these
dislocations do not contribute to the wall–cell ﬂux, which represents dislocation slip away from the wall. Only
dislocations with a dislocation tangent~t1 ¼ ~T and a Burgers vector ~b1 in the direction of K ~T , and disloca-
tions with a tangent~t2 ¼ ~Q and a Burgers vector ~b2 in the direction of K  ~Q can glide away from the wall
and contribute to the wall–cell ﬂux.
If a dislocation is deﬁned by a dislocation tangent~t and a Burgers vector~b, it can glide only in a plane con-
taining~t and~b, i.e. in a plane with normal ~n ¼~b~t. Furthermore, the dislocation glide is always perpendic-
ular to the dislocation tangent~t, i.e. the slip direction is given by ~m ¼~t ~n. According to (22), the wall–cell
ﬂux is created by two types of dislocations deﬁned by f~T ;~b1g and f~Q;~b2g. Consequently, the ‘continuum’ ﬂux
stems from the dislocation slip on two ﬁctitious slip systems f~n1; ~m1g and f~n2; ~m2g. It is emphasized that this
approximation assumes that plastic slip can be realised on any geometrical plane and in any direction. The
resulting directional characteristics of the wall–cell ﬂux are determined through the dislocation tensor K as:~b1 ¼ K 
~T
kK ~Tk b; ~n1 ¼
~b1 ~T ; ~m1 ¼ ~T ~n1
( )
~b2 ¼ K 
~Q
kK  ~Qk b; ~n2 ¼
~b2  ~Q; ~m2 ¼ ~Q~n2
( ) ð23ÞSummarising, if the local dislocation content is given by K and the orientation of the wall is known through
the normal ~N , then the wall dislocations are capable of creating a wall–cell ﬂux by glide on the ﬁctitious slip
systems f~n1; ~m1g and f~n2; ~m2g, deﬁned above. The amount of the dislocations that actually participate in the
ﬂux should provide the plastic strain rate in the cells, in accordance with the ﬁrst equation in (16). Since
the ‘continuum’ ﬂux consists of slip contributions from the slip systems f~n1; ~m1g and f~n2; ~m2g, the ﬁrst equa-
tion in (16) can be speciﬁed as:j _c1j ¼ jDpc :~n1~m1j ¼
b
I
ﬃﬃﬃﬃ
qc
p _qw!c1
j _c2j ¼ jDpc :~n2~m2j ¼
b
I
ﬃﬃﬃﬃ
qc
p _qw!c2
ð24Þwhere Dpc is the plastic deformation rate tensor in the cell interior. The rates _q
w!c
1 and _q
w!c
2 are the contribu-
tions to the wall–cell ﬂux by the corresponding ﬁctitious slip systems and the total wall–cell ﬂux is the sum of
them:
Fig. 3. Direction of the wall–cell ﬂux of dislocations: Dislocations with~b  ~m < 0 move from the wall to the cell interior, while dislocations
with ~b  ~m > 0 move towards the wall.
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Eq. (24) indicates that the wall–cell ﬂux takes place only if the corresponding slip systems are active, i.e. if
_c1 6¼ 0 and/or if _c2 6¼ 0. However, the glide on these slip systems may occur in two opposite directions: from
cell to wall and from wall to cell. Obviously, only the second case contributes to the wall–cell ﬂux. The direc-
tion of the dislocation glide is deﬁned by the Orowan relation _c /~v ~b, and, consequently, is dependent on the
orientations of the Burgers vector ~b and the dislocation velocity ~v. The dislocation velocity is deﬁned here
through the slip direction _c~m. If the orientation of ~m is ﬁxed with respect to the wall, as shown in Fig. 3, then
the direction of the dislocation glide is deﬁned by the Burgers vector and the sign of _c. Fig. 3 indicates the
directional character of the ﬂux for an example with edge dislocations. Here, for _c > 0, the wall–cell ﬂux is
realised by negative dislocations, ~m ~b < 0, gliding in the ~m direction. Thus, the dislocation ﬂux from the
wall to the cell interior is activated if the following relation between the current deformation and the interface
dislocations is satisﬁed:_c~m ~b < 0 ð26Þ
Combining (24) and (26), the rate of the wall–cell ﬂux is deﬁned by the current loading, via Dpc . Repeating this
reasoning for each of the cell walls results in the following expressions for _qwi!cc :_qwi!cc;1 ¼ jDpc :~ni1~mi1j
I
ﬃﬃﬃﬃ
qc
p
b
if Dpc :~n
i
1
~bi1 < 0
_qwi!cc;2 ¼ jDpc :~ni2~mi2j
I
ﬃﬃﬃﬃ
qc
p
b
if Dpc :~n
i
2
~bi2 < 0
_qwi!cc ¼ _qwi!cc;1 þ _qwi!cc;2
ð27ÞThe direction properties of each wall–cell ﬂux are deﬁned through (23) by the local dislocation tensor Kwi. The
Eqs. (27) relate the dislocation rates _qw!cwi to the deformation rate in the cell interior, in conformity with the
ﬁrst equation in (16).3.2.2. Remobilisation
Under monotonic loading, dislocations may get trapped creating immobile dislocation structures, such as
dipoles and locks. Since the immobile dislocations cannot participate in the plastic slip process, new disloca-
tions have to be nucleated. In this way, the total dislocation density keeps increasing under deformation. How-
ever, if the loading is reversed, a decrease of the dislocation density is observed in experiments (Pedersen et al.,
1981) during initial reversed plastic deformation. It is believed that remobilisation of immobile dislocations
contributes to this phenomenon. The immobile dislocation structures tend to become ‘unstable’ under
reversed loading and the contributing dislocations become mobile again. The remobilised dislocations
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loading can be realised by remobilised dislocations and no substantial supplementary dislocation creation
is needed. Consequently, the creation of new dislocations will be ignored, whereas the loss due to annihilation
leads to a drop in the total dislocation density.
Since the dislocation remobilisation is associated with reversed loading, the rate of remobilisation will be
related to the amount of deformation that is reversed after a strain path change:_eim!mi ¼ Dpi :
Dpi;old
kDpi;oldk
ð28Þwhere Dpi;old and D
p
i are the plastic deformation rate tensors before and after the strain path change, respec-
tively. Here the subscript i stands for c or wi. Remobilisation is assumed to take place if the deformation is
reversed, i.e. if _eim!mi < 0 and, following (18) and (19), all reversed plastic deformation is carried by the remo-
bilised dislocations:_qim!mi ¼
MI
ﬃﬃﬃ
qi
p
b f ðeÞj_eim!mi j if _eim!mi < 0
0 if _eim!mi P 0
(
ð29ÞThe function f(e) is added here to restrict the duration of the remobilisation process. Experimental observa-
tions, e.g. by Pedersen et al. (1981), reveal that the total dislocation density starts growing again shortly after
the loading change. Apparently, remobilisation, that decreases the total density, does not last long after a
strain path change. To incorporate this, the function f(e) should be equal to 1 at the strain change instant
and decrease to zero as the deformation proceeds in the new direction. The exhaustion of the remobilisation
process evidently requires more research in order to deﬁne an adequate form of f(e). In this paper, the function
f(e) is treated as a ﬁtting function and is chosen later to provide the best ﬁt of the macroscopic response to
experimental data.
Recapitulating the model description, the total dislocation density evolution in material with a cell structure
under complex deformation is described by:_qc ¼ Mb I
ﬃﬃﬃﬃ
qc
p  Rqc  CI
ﬃﬃﬃﬃ
qc
p 
_ec  K imm _qim!mc
_qwi ¼ Mb I
ﬃﬃﬃﬃﬃﬃ
qwi
p  Rqwi þ
fc
fwi
CI
ﬃﬃﬃﬃ
qc
p 
_ewi  _qwi!cc  _qim!mwi ð30aÞ
_qim!mc ¼
MI
ﬃﬃﬃ
qc
p
b fcðecÞ Dpc :
D
p
c;old
kDp
c;old
k

 if Dpc : Dpc;oldkDp
c;old
k < 0
0 otherwise
8<
:
_qim!mwi ¼
MI
ﬃﬃﬃﬃﬃ
qwi
p
b fwiðewiÞ Dpwi :
D
p
wi;old
kDp
wi;old
k

 if Dpwi : Dpwi;oldkDp
wi;old
k < 0
0 otherwise
8<
: ð30bÞ
_qwi!cc ¼ _qwi!cc;1 þ _qwi!cc;2
_qwi!cc;1 ¼
jDpc :~ni1~mi1j I
ﬃﬃﬃ
qc
p
b if D
p
c :~n
i
1
~bi1 < 0
0 otherwise
(
_qwi!cc;2 ¼
jDpc :~ni2~mi2j I
ﬃﬃﬃ
qc
p
b if D
p
c :~n
i
2
~bi2 < 0
0 otherwise
(
ð30cÞwhere I, R and C are the relevant material parameters; Dpi and D
p
i;old are the local plastic deformation rate ten-
sors, the current and before a strain path change, respectively; ~ni, ~bi and ~mi are deﬁned by the current dislo-
cation density tensor K. Besides, since undeformed material typically has a homogeneous distribution of
dislocations, the dislocation densities are initially the same (in an average sense) throughout the material:
qc|e=0 = qwi|e=0 = q
0.
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4.1. Parameter identiﬁcation
In order to perform numerical simulations describing the deformation behaviour of polycrystal copper, the
model parameters have been identiﬁed. The values used for the elasticity parameters, the shear modulus G and
Poisson’s ratio m, and the magnitude of the Burgers vector b, all known for copper, are listed in Table 1. The
values for the mean orientation factor M and the coeﬃcient a are chosen following the recommendations of
Mughrabi (1987) for a continuum cell structure model. A valueM = 2.5 corresponds to orientations providing
symmetrical multiple slip, whereas a value of 0.4 for a typically reﬂects multiple slip, involving the mutual
intersection of dislocations of diﬀerent slip systems (Mughrabi, 1987). The mentioned values are adopted
for symmetric deformation modes as analysed in this paper.
Next, the geometry of the cell structure is further speciﬁed. The cells are assumed to be cubic,
D  D1 = D2 = D3, with equally thick cell walls, i.e. w  w1 = w2 = w3. Furthermore the geometry of the cells
is ﬁxed during deformation, whereas the dislocation densities will evolve of course. To calculate the compo-
nent volume fractions, typical values for cell structures observed at small to moderate deformations
(Christodoulou et al., 1986) are adopted for the cell size D and the wall thickness w (see Table 1).
Next, the evolution of the statistically stored dislocations under monotonic deformation is deﬁned by (13),
which is a reduced version of (30). Thus, the material parameters necessary to describe the evolution of the
dislocation densities are I, R, C and q0. Since only very few quantitative experimental data on the dislocation
evolution in cell structures is available, these parameters are identiﬁed by ﬁtting the macroscopic behaviour
under monotonic deformation. This is justiﬁed, since the parameters q0, I and R deﬁne the evolution of the
average dislocation density, and can therefore be derived from the average macroscopic behaviour. The initial
macroscopic yield stress is related to q0, the hardening at small deformations is predominantly inﬂuenced by I,
and the hardening at large deformations by R. The parameter C is associated with the material inhomogeneity
and should be identiﬁed using data on, for instance, the dislocation density diﬀerence between cell and walls,
the stress inhomogeneity, or the level of the internal stress. The inhomogeneity parameter C also aﬀects the
macroscopic hardening behaviour, i.e. the stress will be smaller in material with a higher inhomogeneity.
The dislocation density evolution after a stress reversal, partial or complete, is deﬁned by the wall–cell ﬂux
and remobilisation in cells and walls. The wall–cell ﬂux is completely deﬁned by the current state of the mate-
rial (K, qc, I), see Eq. (27), and it is therefore not necessary to introduce additional parameters. The remobil-
isation rate is controlled by the function f(ep), which determines its duration after it has been activated. The
adopted functions fc(ep) and fw(ep) provide the best ﬁt to results on the experimentally observed Bauschinger
eﬀect after a complete stress reversal.
The experimental results reported by Christodoulou et al. (1986) for tension–compression tests on polycrys-
talline copper have been used here for parameter identiﬁcation and model veriﬁcation. To do so, the uniaxial
tension test was simulated with a strain rate _e11 ¼ 5  104 s1. Similarly, compression is simulated by applying
a negative strain rate. No stresses are assumed to occur in other directions:Table
Param
Param
Shear
Poisso
Length
Coeﬃc
Mean
Cell si
Wall t~F 11 ¼ 1þ _e11t; ~rij ¼ 0; if ij 6¼ 11 ð31Þ1
eters for copper
eter Symbol Unit Value
modulus G GPa 41.7
n’s ratio m – 0.34
of the Burgers vector b nm 0.257
ient a – 0.4
orientation factor M – 2.5
ze D lm 2.5
hickness w lm 0.5
0.1 0.2 0.3
60
120
180
240
Simulated
Experimental
0 0.1 0.2 0.30
1
2
3
4
5
walls
cells
total
Fig. 4. Monotonic uniaxial tension for copper. (a) Von Mises stress against accumulated plastic deformation; experimental data from
Christodoulou et al. (1986). (b) Dislocation density evolution.
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tensile axis. This corresponds to the formation of a cell structure with the walls directed along the macroscopic
planes of maximum shear, a tendency conﬁrmed by experimental observations (Zhu and Sellars, 2001).
Fig. 4 shows the ﬁt obtained for the monotonic tension experiment, with the parameter values given in
Tables 1 and 2. The parameter C is chosen such that at large deformations the internal stress in the walls
reaches the same level as the applied stress. This is in correspondence with measurements of the internal
stresses in cell structures (Straub et al., 1996; Borbely et al., 1993; Ungar et al., 1984). Fig. 4 also showsTable 2
Dislocation evolution parameters identiﬁed for copper
Parameter Symbol Unit Value
Initial dislocation density q0 m2 15 · 1013
Creation rate parameter I – 0.105
Annihilation rate parameter R nm 1.6
Dislocation ﬂux constant C – 0.8
Coeﬃcient K – 200
60
120
180
240
0.1 0.2 0.3 0.1 0.2 0.3
60
120
180
240
Fig. 5. The Bauschinger eﬀect in tension–compression tests for copper. Von Mises stress against accumulated plastic deformation (the
horizontal shift indicates the amount of prestrain undergone by the material before load reversal). (a) Experimental results from
Christodoulou et al. (1986). (b) Simulated results.
6044 E.M. Viatkina et al. / International Journal of Solids and Structures 44 (2007) 6030–6054the calculated evolution of the inhomogeneity in the dislocation density. The dislocation density in the walls
reaches values that are 20 times higher than the dislocation density in the cells. This obtained inhomogeneity is
of the same order of magnitude as observed experimentally, e.g. by Ungar et al. (1984). The total dislocation
density shown in Fig. 4 is obtained by averaging: qtot = fw1qw1 + fw2qw2 + fw3qw3 + (1  fw1  fw2  fw3)qc.
Fig. 5 shows the curves for tension–compression experiments. Functions f(e) describing the remobilisation
of dislocations in cells and walls are identiﬁed to provide the best ﬁt with the macroscopic behaviour. Based on
phenomenological considerations, the following function is proposed for the remobilisation in walls:Fig. 6.
horizofwiðeÞ ¼ q
old
wi
qwi
 Ke0
_qoldwi ¼  _qim!mwi qoldwi je0¼0 ¼ qwi; i ¼ 1; 2; 3 ð32Þwhere e 0 is the plastic strain accommodated after a strain path change, K is a ﬁtting parameter (see Table 2)
and qoldwi is the density of the dislocations collected in the material during prestrain. The function, thus the
remobilisation rate, decreases as the deformation progresses in the new direction due to an increase of e 0
and a decrease of qoldwi . The dislocations corresponding to q
old
wi were immobilised during prestraining and are
remobilised after the strain path change. It is assumed here that qoldwi is the source of the remobilisation
and, thus, remobilisation rate decreases if the fraction of these dislocations decreases.
For remobilisation in cells a diﬀerent function f(e) was ﬁtted. The most straightforward and best ﬁt was
found with the cell remobilisation controlled by the plastic ﬂow in the walls according to:K immfcðeÞ ¼
1 if j_epwij ¼ 0
0 if j_epwij 6¼ 0

ð33ÞWith the ﬁtting according to Eq. (33) it is achieved that a separate speciﬁcation of Kimm is not necessary. This
function is chosen to prevent macroscopic softening due to the cell remobilisation. The necessity of diﬀerent
functions fc(e) and fwi(e) might indicate diﬀerent remobilisation behaviour in the cells and walls. The diﬀerence
can be due to the diﬀerence in the dislocation density: a very high density in the walls and a low density in the
cells. This issue however, needs further investigation and will be assessed in future work.
4.2. Model veriﬁcation
In the present paper the cell structure model has been enhanced with evolution equations for the dislocation
densities with the purpose of adequately describing load reversals. The performance of the enhanced cell struc-
ture model is therefor veriﬁed here for a load reversal where the dislocation dissolution is most substantial.
The prediction of the deformation behaviour after moderate strain path changes was veriﬁed previously
(Viatkina et al., submitted for publication).Bauschinger eﬀect in tension–compression tests for copper. Simulated macroscopic hardening rate against total deformation (the
ntal shift indicates the amount of prestrain undergone by the material before load reversal).
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the Tables 1 and 2. It can be seen that the model captures all the essential features associated with the Bausch-
inger eﬀect. The simulation results demonstrate an early reloading yield followed by transient hardening. After
the deformation is reversed, initially, the hardening rate is high, after which it drops rapidly below the rate of
hardening exhibited during monotonic loading, see Fig. 6. The deformation continues with a slow hardening
recovery to the same level as for monotonic loading. The duration of the hardening recovery increases with the
amount of prestrain applied before the stress reversal. In the stress–strain diagram, Fig. 5(a), the correspond-
ing hardening features are observed as early yield followed by a quick increase of stress which almost reaches
the monotonic loading curve, followed by a ‘‘plateau’’ of low hardening. The macroscopic stress under
reversed loading is always lower than the monotonic stress obtained at the same total strain. All these features
are conﬁrmed by many experimental data on the Bauschinger eﬀect (Christodoulou et al., 1986; Hasegawa
et al., 1975; Rauch et al., 2002; Hasegawa et al., 1986; Marukawa and Sanpei, 1971; Pedersen et al., 1981).
A discrepancy between the experiments and the predictions may be observed in the duration of the transient
hardening. This indicates that the description of the dislocation mechanisms proposed here can be improved.
A better agreement may be expected through the use of more sophisticated (yet, also complex) dislocation evo-
lution equations. The present model appears to be a reasonable compromise between complexity and accu-
racy. The strength of the current approach lies in its simplicity as only four parameters, I, R, C and K, are
required to ﬁt both the monotonic response and the behaviour after a strain path change. Although the func-
tions fc(e) and fwi(e) suggested here are empirically determined, they proved to provide a correct macroscopical
behaviour and can be recommended for the use with this model. The combination of the simplicity of the
model and its adequate prediction of the macroscopic material response makes the model attractive for the-
oretical research and practical applications.
5. Discussion
The ability of the model to capture macroscopic eﬀects associated with stress reversal suggests that the
microscopic mechanisms incorporated in the model induce the macroscopic Bauschinger eﬀect. The material
inhomogeneity, the internal stresses, and the evolution of dislocation densities are the main microscopic fea-
tures of the model that deﬁne its macroscopic behaviour. The contributions of each of these features with
respect to the resulting Bauschinger eﬀect will be highlighted in this section.
5.1. Stress reversal: eﬀect of the internal stress
The internal stress developed during prestraining of a material with a cell structure is often associated with
a decreased reloading yield stress after a load reversal. For instance, monotonic tension applied to a material
with a dislocation cell structure causes the development of positive internal stresses in the cell walls and neg-
ative internal stresses in the cell interiors. Thus, the internal stress in the cell interiors is opposite to the applied
stress during monotonic deformation and will assist reversed deformation after a load reversal is applied. This
is often suggested to be the origin of the decreased reloading yield stress (Christodoulou et al., 1986), i.e. the
beginning of plastic yield at a lower macroscopic stress than the yield stress for monotonic loading at the same
total strain.
Fig. 7 shows the evolution of the stress obtained from simulations for copper under monotonic tension and
tension–compression tests. To investigate the contribution of the internal stress to the Bauschinger eﬀect the
dislocation dissolution was suppressed for this calculations, i.e. the dislocation densities evolve according to
Eqs. (13). During monotonic deformation, either tension or compression, the internal stress in the walls reaches
a level of the same order as the applied stress, while the internal stress in the cell interiors develops in a direction
opposite to the applied stress. According to the cell structure model, the local plastic deformation is governed
by the superposition of the applied and the internal stress. Consequently, in the walls, the internal stress assists
the applied stress providing nearly half of the stress needed for plastic deformation. In the cells, the applied
stress has to be higher than the local yield stress to compensate for the opposite internal stress.
When the loading direction is reversed, the applied stress is also reversed but the internal stress, as well as
the yield stress, are unaﬀected by the elastic unloading. Immediately after the strain path change, the residual
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Fig. 7. Evolution of stresses under stress reversal, no cell dissolution. Thick lines correspond to the tension–compression test, thin lines to
the compression test, for reference purposes. (a) Applied stress. (b) Internal stress. (c) Local stress.
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cells is assisted by the internal stress and the initiation of plastic deformation needs less external eﬀort, i.e. the
plastic deformation starts at a lower applied stress (Fig. 7(a)) compared to monotonic tension where the inter-
nal stress resists the deformation.
However, Fig. 7(a) also shows that the early yield in the cell interior does not lead to a noticeable early
macroscopic yield (solid line in the ﬁgure). After the stress reversal, the high residual internal stress in the walls
resists the applied stress, postponing the local yield. To initiate plastic slip in the walls after the strain path
change, the applied stress has to compensate for the opposite internal stress, i.e. it has to be three times higher
than in the forward loading where the same internal stress assisted the deformation. The value of the applied
stress, however, is limited through the traction equilibrium at the interfaces. Nevertheless, it becomes signif-
icantly higher than the stress in monotonic tension. As a result of the decrease of the required applied stress in
the cells and the increase of the required stress in the walls, the net macroscopic reloading yield stress is higher
than the corresponding stress in monotonic loading. Clearly, without dislocation redistribution, the eﬀect of
the internal stress in the cell interior is neutralised by the much larger opposite eﬀect of the internal stress in the
walls.
The calculations show that the internal stress cannot be responsible for the reduced reloading yield
stress associated with the Bauschinger eﬀect. Yet, the internal stress substantially contributes to the eﬀect
by providing early yield in the cell interior. As soon as the plastic deformation starts, dislocation slip is
activated in the new direction and cell dissolution starts, lowering the macroscopic hardening rate. If the
dislocation dissolution is initiated at a low applied stress, due to the presence of the internal stress, the
resulting low macroscopic hardening rate would lead to a reduced macroscopic yield stress, as in the
Bauschinger eﬀect. Without the presence of the residual internal stress, the dissolution would start at
an applied stress equal to the forward yield stress and would cause macroscopic softening, which is not
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yield but activates other mechanisms to do so.
5.2. Stress reversal: eﬀect of the dislocation evolution
The dissolution and reappearance of dislocation cells are the essential mechanisms contributing to the
Bauschinger eﬀect. Dissolution provides a decrease of the total dislocation density, a decrease of the disloca-
tion density in the walls, and an increase of the dislocation density in the cells. Correspondingly, the reappear-
ance of the cell structure after a load reversal is associated with the recovery of these parameters to values
representative for monotonic deformation at the same total strain.
The model proposed here includes the evolution of the local dislocation densities as a function of the defor-
mation history. A stress reversal activates a wall–cell dislocation ﬂux, remobilisation in cells, and remobilisa-
tion in walls. All three dislocation mechanisms tend to reduce the local dislocation density and can be
considered as mechanisms promoting cell dissolution. They have a ﬁnite duration and the local dislocation
density recovers thereafter. The latter can be interpreted as the reappearance of the earlier dissolved cells.
The wall–cell ﬂux is a ﬂux of dislocations that were piled up against walls during the previous loading step
and driven towards the cell interior by the applied reversal of the stress. The ﬂux is activated by the plastic slip
in the cell interior and continues until the source of interface dislocations is exhausted. This dislocation mech-
anism decreases the dislocation density in the walls and increases the dislocation density in the cells. It is
assumed in the model, that this ﬂux provides the dislocations necessary to accommodate further plastic slip
in the cells, rendering the need for nucleation of dislocations superﬂuous. Compared to monotonic deforma-
tion, the dislocation density in the walls is decreased by this ﬂux, whereas the dislocation density in the cell
interiors follows the same evolution.
To emphasize the eﬀect of the wall–cell dislocation ﬂux, a tension–compression test was simulated including
the wall–cell dislocation ﬂux – but excluding dislocation remobilisation – and compared to the case without
this ﬂux. The rate of the dislocation ﬂux is shown in Fig. 8(a). The ﬂux is activated as soon as plastic slip in the
cell interior occurs and lasts for about 2% of deformation. While active, the ﬂux reduces the dislocation den-
sity in the walls for 24%.
Fig. 9(b) shows the results of the simulation with the wall–cell dislocation ﬂux activated. Compared to the
results obtained without this ﬂux (Fig. 9(a)) a change in the hardening behaviour of the wall-phase can be
observed. Reduction of the wall dislocation density causes a reduction in the local applied stress. As a result,
the macroscopic stress lowers. The main eﬀect of the ﬂux is the reduction of the macroscopic hardening rate
during the initial stage of reloading (the maximum of the macroscopic stress is signiﬁcantly decreased in
Fig. 9(b)). Yet, the exclusive eﬀect of the wall–cell dislocation ﬂux on the macroscopic reloading yield stress
is not suﬃcient to correctly achieve the Bauschinger eﬀect. The eﬀect of the internal stress, discussed above,
increases the reloading yield stress in the walls and consequently the macroscopic reloading yield stress. To0.22 0.24 0.26 0.28 0.3
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density has never been observed in experiments. A realistic reduction of the local density only produces a small
macroscopic eﬀect, which is additionally reduced through the low volume fraction of the walls.
The remobilisation of immobile dislocations is another mechanism activated upon stress reversal. Immobile
dislocations, such as those trapped in locks and dipoles, are partially released by reversed loading. The plastic
slip is accommodated by the dislocations that are already present in the material and no additional disloca-
tions are created, contrary to the monotonic loading case. The dislocation density thus only changes due to
annihilation, lowering the total dislocation density.
The remobilisation in the cell interior is activated at the start of plastic slip in the cells and causes a reduction
of the dislocation density in the cells, resulting in a decrease of the local yield stress and the average macro-
scopic stress. The remobilisation in the cell interior has a signiﬁcant eﬀect on the macroscopic behaviour due
to the dominating volume fraction of the cells. The contribution of the cell remobilisation is shown in Fig. 9(c).
In this simulation, remobilisation is taken into account together with the internal stress and the cell–wall dis-
location ﬂux, whereas the remobilisation in the cell walls is excluded. Remobilisation in the cell interior
decreases the dislocation density in the cells. Obviously, the reduction of the cell dislocation density prior
to macroscopic yield, lowers the macroscopic yield stress, whereas a reduction after macroscopic yield would
trigger softening. The macroscopic yield stress also corresponds to the beginning of plastic yield in walls. Since
softening is not observed in the experiments, the remobilisation in cells in the simulation stagnates as soon as
the walls yield, see Eq. (33). Fig. 8(a) shows that the remobilisation lasts for approximately 0.5% of
deformation.
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bilisation appears to play an important role in the Bauschinger eﬀect.
The remobilisation in walls is activated at the start of plastic slip in the walls, i.e. after macroscopic yield.
Therefore, this dislocation mechanism only inﬂuences the hardening behaviour. Fig. 9(c) shows the collective
eﬀect of the internal stress, the wall-cell ﬂux, and the cell dislocations remobilisation, providing a macroscopic
behaviour that is representative for the Bauschinger eﬀect. The remobilisation of the dislocations in the walls
causes a reduction of the dislocation density in the wall phase since no new dislocations are created and dis-
location annihilation prevails. The applied stress in the walls is reduced further lowering the macroscopic
stress more. Fig. 9(d) shows the results of a simulation with the dislocation remobilisation in the walls
activated. The remobilisation lowers the macroscopic stress and the macroscopic hardening, although the
eﬀect is not that pronounced due to the low volume fraction of the walls.
5.3. Stress reversal: transient hardening
Fig. 10 shows the results of the simulation with the complete model, including the internal stress, the
wall–cell ﬂux, and the dislocation remobilisation in the cells and the walls. The graph of the average macro-
scopic stress demonstrates the Bauschinger eﬀect with a low reloading yield stress and a transient hardening.
Fig. 10(b) depicts the evolution of the internal stress and Fig. 8(b) shows the dislocation density evolution that
accompanies the Bauschinger eﬀect.
When the plastic deformation starts in the reversed direction, the internal stress adjusts to the new loading,
Fig. 10(b), i.e. evolves towards the distribution corresponding to the monotonic loading in the new direction.
It is a gradual process spanning approximately 10% of deformation. The evolution of the internal stress was
found to correspond to the macroscopic hardening. Comparing the macroscopic stress evolution and the0 0.1 0.2 0.3 0.4
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fast adjustment of the internal stress in the cell interior, while the subsequent ‘‘plateau’’ of low macroscopic
hardening corresponds to the slow adjustment of the internal stress in the walls. Note that the dislocation
mechanisms of cell dissolution do not alter the internal stress evolution signiﬁcantly, see Fig. 7(b).
The dislocation evolution in Fig. 8(b), that accompanies the Bauschinger eﬀect, includes a small drop in the
dislocation density of the cells and a signiﬁcant reduction in the dislocation density of the walls upon the load
reversal. On the average, after stress reversal, the total dislocation density dropped with about 25% and the
dislocation distribution becomes more uniform. The decrease of the dislocation density in the material lowers
the macroscopic hardening. After stagnation of the cell dissolution mechanisms, the dislocation density
regains a positive rate.
The results suggest that both the internal stress as well as the dislocation structure evolution play an impor-
tant role in the Bauschinger eﬀect. The internal stress, previously developed in the material during prestrain-
ing, triggers a plastic yield in the cell interior at a lowered applied stress. The early slip in the cells activates
dissolution in the form of a wall–cell ﬂux and dislocation remobilisation within the cells. The dislocation remo-
bilisation in the cells provides a low macroscopic reloading yield stress. The simulation suggests that both, the
internal stress and the dislocation remobilisation, are needed to explain the lowered macroscopic yield stress,
consistent with the Bauschinger eﬀect.
The transient hardening in the early stage after the stress reversal, i.e. before the hardening drop, is a col-
lective eﬀect of the internal stress adjustment in the cell interior and the decrease of the dislocation density in
the walls. Further hardening evolution, associated with the ‘‘plateau’’, is mainly governed by the adjustment of
the internal stress in the walls.
5.4. Strain path change eﬀect
A simulation of a sequence of two successive shear deformations has been used as an example to study the
eﬀect of other strain path changes. The applied loading is depicted schematically in Fig. 11(a). A shear–shear
test is chosen, since it allows a wide range of strain path changes to be realised, including a cross test for
n = 45 and a complete load reversal for n = 90.
The cell structure model introduced in Viatkina et al. (submitted for publication) has been shown to predict
the reloading yield stress correctly for moderate strain path changes. The eﬀect results mainly from the geo-
metrical anisotropy and the developing internal stress. The geometrical anisotropy is a consequence of the
cubic cell structure in the material. The internal stress eﬀect is induced by the cell geometry and plastic incom-
patibility. Fig. 11(b) shows the reloading yield stress as a function of the shear change angle n. The dotted line
represents the result obtained with the cell structure model without cell dissolution, in which the dislocationFig. 11. Strain path change eﬀect in shear–shear tests. (a) Scheme of the test. (b) Reloading yield stress against shear change angle. Results
obtained with the cell structure model from Viatkina et al. (submitted for publication) and obtained with the enhanced model including
cell dissolution.
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i.e. the cross test. This tendency is in agreement with experimental observations, however, deviations are found
for shear angle changes larger than n = 45. The simulations overpredict the reloading yield stress after large
strain path changes, and a decreased reloading yield stress was never obtained for a load reversal with n = 90.
This discrepancy was one of the motivations to include the dislocation evolution resulting from a strain path
change in the cell structure model.
Fig. 11(b) also shows the result obtained with the cell structure model enhanced with the history dependent
dislocation evolution. This enhanced model accounts for dislocation mechanisms activated by stress reversals,
the wall–cell ﬂux and the directional remobilisation. This allows an additional reduction of the reloading yield
stress after strain path changes dealing with a reversal of the applied stress. Changes in the shear direction less
than n = 45 do not have a reversed component, thus the reloading yield stress is hardly aﬀected by the model
modiﬁcation. Shear angle changes larger than n = 45 introduce a stress reversal component, with a complete
reversal at n = 90. The dislocation dissolution, therefore, lowers the reloading yield stress at large strain path
changes.
Quantitative veriﬁcation of this result was not possible due to absence of experimental data on shear–shear
tests for the material used. However, the results obtained with the enhanced model have a qualitative trend
observed in the experiments for aluminium (Barlat et al., 2003) and steel (Peeters, 2002; Raphanel et al., 1987).
6. Conclusions
The cell structure model developed in Viatkina et al. (submitted for publication) has been enhanced by the
inclusion of a physically based description of the evolution of the statistically stored dislocation distribution.
The evolution equations for the local dislocation densities have been formulated to describe the evolution of a
dislocation structure under deformation and its dissolution upon load reversal. The following dislocation pro-
cesses are incorporated in the model:
• Local statistical dislocation mechanisms as creation, annihilation, mobilisation and remobilisation.
• Cell formation dislocation mechanism as dislocation ﬂux from the cell interiors to the cell walls.
• Cell dissolution dislocation mechanisms as dislocation ﬂux from the cell walls to the cell interiors and direc-
tional remobilisation, initiated by a load reversal.
To verify the model, a tension–compression and various shear–shear tests on copper have been simulated.
The predicted strain path change eﬀects including the Bauschinger eﬀect are in agreement with experimental
data. The following conclusions were drawn from the analysis of the simulations:
• The increased reloading yield stress after a moderate strain path change results from the geometrical
anisotropy due to the cell structure morphology and the internal stresses developed during
prestraining.
• The decreased reloading yield stress after a large strain path change, which includes partial load rever-
sal, is due to the internal stresses and the cell structure dissolution. The internal stresses, previously
developed in the material during prestraining, trigger plastic yield in the cell interiors at a decreased
value of the applied stress. The early slip in the cells activates structure dissolution mechanisms. The
dislocation remobilisation in the cells and the wall–cell ﬂux of dislocations decrease the macroscopic
reloading yield stress.
• The transient hardening after a strain path change is mainly caused by the adaptation of the internal stres-
ses to the new loading. The evolution of the internal stresses in the cell interiors aﬀects the mechanical
response in the early stages after reloading, whereas the adjustment of the internal stresses in the walls gov-
erns the further hardening behaviour. After a load reversal, the hardening rate is, moreover, lowered by a
decrease of the dislocation density in the walls, caused by dissolution.
The enhancement of the cell structure model, introduced here, improved the prediction of the strain path
change eﬀects after large strain path changes, including the Bauschinger eﬀect.
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cell interior cell walls
(w=w1,w2,w3)
schematic representation of the cell structure modelA.1. Approximation of the internal stress b
In the cell structure model, the deformation is assumed to be uniform inside cells and walls and to vary only
across the interfaces. The plastic deformation distribution over the composite can be approximated by a step
function with jumps at the interfaces:Fpð~xÞ ¼ F
p
c ; ~x 2 cell interior
Fpwi; ~x 2 wall i; i ¼ 1; 2; 3

ð34ÞThe incompatibility of the plastic deformation, i.e. the jumps at the cell–wall interfaces, requires the presence
of the geometrically necessary dislocations.
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GNDs are derived for the cell structure as:bð~xÞ ¼ C :
X
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p
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 3Pið~xÞ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ð35Þwith Z
Pimnkð~xÞ ¼ CpqmnGkp;qð~x~x0Þ½Iþi ð~x0Þ  Ii ð~x0Þd~x0 ð36Þwhere Cijkl are the components of the fourth-order elastic Hookean material tensor C,
D½Fp1i ¼ ½Fpc 1  ½Fpwi1, ~ni is the normal to the cell walls i and the functions Ið~xÞ reﬂect the geometry of
the cell–wall interfaces, containing GNDs. For isotropic materials the Green’s function Gð~x~x0Þ can be deter-
mined explicitly. After lengthy elaborations, it can be derived that (Mura, 1987):CpqmnGkp;qð~xÞ ¼ 1
8pð1 mÞ ð1 2mÞ
dmkxn þ dnkxm  dmnxk
k~xk3 þ 3
xmxnxk
k~xk5
( )
ð37Þwith ~x ¼~x~x0, with m Poisson’s ratio and with dij the Kronecker symbol.
The internal stress distribution calculated with (35)–(37) is non-uniform over the cell structure. To be con-
sistent with the composite model, the internal stress distribution is approximated by a piecewise uniform dis-
tribution, constant inside the cell interiors and the cell walls.
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